Polarization Selection Rules and Superconducting Gap Anisotropy in Bi 2 Sr2CaCu20g 
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We discuss polarization selection rules for angle-resolved photoemission spectroscopy in Bi2212. Using these 
we show that the "hump" in the superconducting gap observed in the X quadrant in our earlier work is 
not on the main C11O2 band, but rather on an umklapp band arising from the structural superlattice. The 
intrinsic gap is most likely quite small over a range of ±10° about the diagonal directions. 
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Recently, our group, by use of angle-resolved pho- 
toemission spectroscopy (ARPES) on high quality sin- 
gle crystals, has found that the superconducting gap in 
Bi2212 has a non-trivial momentum dependence.EI In par- 
ticular, the gap is suppressed over a range of ±10° about 
the diagonal directions (at 45° to the CuO bond di- 
rections) of the square lattice zone (for Bi2212, these 
directions are TX and TY where X = (tt, — it) and 

Y = (n, it)). In addition, though, we found that the 
gap was actually non-zero over this range, with a weak 
maximum along the diagonal and two nodes 10° on either 
side (i.e., a "hump"). The simplest interpretation of such 
data is that the order parameter has anisotropic s-wave 
symmetryB Such an order parameter would not be in 
conflict with experiments which only probe the existence 
of nodes, but it would be in conflict with phase coherence 
experiments on YBCO which reveal a sign change of the 
order parameter under rotation by 90° ,0 although similar 
experiments have not been performed on Bi2212. 

A striking point about our data was that the "hump" 
in the gap along the diagonal was less pronounced in 
the Y quadrant of the zone (Fig. 1) than the X quad- 
rant (Fig. 2). This led to a potential concern about 
the interpretation of the data because of the presence 
of an incommensurate superlattice in Bi2212 with a Q 
of (0.217T, 0.2l7r) which makes the X and Y quadrants 
inequivalent.Q This superlattice leads to the. presence of 
±Q umklapp bands in the ARPES data.Eli3 Because Q 
is along TY, these umklapp bands are well separated 
from the main band near the diagonal direction in the 

Y quadrant, but since Q is perpendicular to TX, the 
two umklapp bands are predicted to be quite close to the 
main band near the diagonal direction in the_X quadrant, 
and thus should be hard to resolve (Fig. 3). El In fact, the 
main band and superlattice band are predicted to cross 
at exactly the same location as where the nodes in the 
gap were observed in the X quadrant (Fig. 3). This sug- 
gested the possibility that the "hump" in the gap in the 
X quadrant was a consequence of being on the superlat- 
tice band instead of the main band. In an earlier paper of 



oursJ3 we demonstrated that even if the main band had 
a gap with d-wave symmetry, the observed gap in the 
X quadrant could indeed have this "hump" , simply be- 
cause the superlattice band along the diagonal direction 
corresponds to a location on the main band about 20° 
away. There were two problems with such an interpreta- 
tion. The first was why only the superlattice lattice band 
was observed near the diagonal in the X quadrant and 
not the main band. The second was that a similar (but 
smaller) "hump" was observed in the Y quadrant, where 
these arguments do not apply (that is, the observed gap 
was definitely on the main band, as seen in Fig. 3). 

As it turns out, the resolution of the first problem was 
essentially present in the original data and not realized at 
the time. We note that the data in the X quadrant were 
taken with a polarization vector along the TX direction.EJ 
Now, TX is a symmetry line of the zone (this direction 
is reciprocal to the orthorhombic a axis of Bi2212), and 
therefore, bands must be even or odd relative to reflec- 
tions about this line. As the band contains copper states 
of d x 2_ y 2 symmetry, the main band must be odd rela- 
tive to this line. Since the polarization vector is along 
this line, then the dipole matrix element vanishes and 
therefore emission from the main band cannot be ob- 
served. Now, consider the two superlattice bands which 
cross each other along TX (Fig. 3). One can make a lin- 
ear combination of these two bands at the crossing point. 
The combination ip(k + Q) + tp(k — Q) has odd symme- 
try, like the main band, and thus should not be observed 
either. The combination ip(k + Q) — tp(k — Q), though, 
has even symmetry, and is maximally enhanced in this 
polarization geometry. Therefore, the observed gap near 
the diagonal in the X quadrant must be on the even sym- 
metry combination of the superlattice bands, and thus, 
as conjectured in the previous paragraph, the "hump" in 
the gap is a superlattice effect. 

To explicitly demonstrate this, we have looked at two 
models for the gap function. The first is the standard d- 
wave gap d = cos(k x +q) — cos(k y +q) where q is for the 
main and ±0.2l7r for the superlattice bands. The other 



1 



is max(|d| — c, 0) where c is a constant, which was de- 
signed to have an angular range with zero gap. The data 
are then fit assuming the four or six data points nearest 
the diagonal are on the superlattice band. The resulting 
gaps are plotted along the main and superlattice sheets 
in Fig. 2 (note from Fig. 3 that data for angles less than 
35° are definitely on the main band). The comparison 
to experiment is quite reasonable, especially in the case 
of the |d| — c gap (its RMS error in the X quadrant is 
less than half that of the d-wave gap!). The same also 
applies in the Y quadrant as seen in Fig. 1. In fact, both 
fits have a smaller RMS error in the Y quadrant than 
the cos(k x )cos{k y ) function previously used to describe a 
"hump" in the gapfl We also note that the angular range 
of zero gap for the \d\ — c model is compatible with NMR 
data on samples from the same source as ours, which re- 
veal the presensce of a residual density of states about 
24% of the normal state valueE 

The observation that the "hump" in the X quadrant 
is a superlattice effect also explains a number of other 
puzzling results. First, the two spectra nearest FX had, 
leading edge slopes which were not resolution limitedJil 
This can be understood now since the k vectors at which 
this data were taken corresponded to an energy near the 
Fermi energy of the main band but below the Fermi en- 
ergy of the superlattice bands (Fig. 3). Second, previous 
polarization datafl indicated a strong polarization in the 

Y quadrant but a weak one in the X quadrant. In the 

Y quadrant, both main and superlattice bands are odd 
relative to FY (since Q is along FY) and thus a strong 
polarization dependence is indeed expected. In the X 
quadrant, though, when the polarization is perpendicular 
to TX, the main band and odd symmetry combination of 
the superlattice bands should be observed, whereas when 
the polarization is parallel to TX, only the even symme- 
try combination of the superlattice bands should be ob- 
served. Our data in the normal statea indicate that the 
odd symmetry combination is not observed, perhaps due 
to final state effects. Therefore, if the main and even sym- 
metry combination of the superlattice bands have com- 
parable intensities, then a weak polarization dependence 
should be observed in the X quadrant. 

This now leaves the remaining problem to be resolved: 
the observation of a "hump" in the Y quadrant. This 
"hump" was based on the two data points nearest TY 
(Fig. 1). We note, though, that the error bars of Ref. |l| 
are consistent with a zero gap for the data point along 
TY. We have gone back and reanalyzed the data for the 
other point and still conclude that the optimal fit has a 
gap of order 5 meV, and thus not consistent with zero. 
We are hestitant, though, to attach too much significance 
to data at a single point, and therefore conclude that the 
current data set is not extensive enough to definitively 
prove the existence of a "hump" in the Y quadrant. We 
caution that the data in the Y quadrant were taken in 
steps of v2 in photoemission coordinates, which along 
the diagonal corresponds to an energy change (from fits 



to the dispersion) of over 80 meV per step. Although 
the momentum windows of the data points do overlap 
with one another (since the window has a radius of 1°), 
the resolution normal to the Fermi surface is still not as 
high as one would like. In the future, it would be de- 
sirable to perform experiments using smaller step sizes 
and higher momentum resolution. Second, the data fits 
were based on a spectral function which only has reso- 
lution broadening with other effects being absorbed into 
a model background function. The actual spectral func- 
tion has a strongly energy dependent lineshape due to 
self-energy effects. In the superconducting state, though, 
the line broadening will be suppressed for frequencies be- 
low 3A if it is due to electron-electron scatteringJIO and 
such a model appears to be consistent with our data since 
the slopes of the leading edge are resolution limited, even 
along the diagonal. Since it is a fit to the leading edge 
which determines the gap, then ignoring the detailed en- 
ergy dependence of the broadening should be valid, but 
one always worries that a more sophisticated model of the 
lineshape taking into account its frequency dependence 
(which would necessitate using a different background 
function) might yield different estimates of the gap. 

Given the above, the existence of a "hump" in the in- 
trinsic gap is questionable. While a "hump" necessarily 
implied anisotropic s-wave pairing, an extended region of 
zero or small gap could be consistent with a number of 
models. One of these might be dirty d-wave, with the 
gap suppressed in a large angular range about the diag- 
onal due to impurity scattering. The NMR data previ-. 
ously mentioned were interpreted in terms of this model.0 
There is a problem with such a scenario. Gaplessness due 
to dirt shows, up in the spectral function as a low fre- 
quency tail.El In ARPES, though, the gap is determined 
by measuring the shift in the leading edge of the spec- 
trum, and this shift should be re., 
small concentrations of impurities, 
that the suppressed gap region is not due to dirt, then 
another possibility is a-d-wave gap, but not of the simple 
cos(k x ) — cos(ky) form.u Since this simple form will occur 
for short-range interactions, the implication then is that 
the interaction must be long-range to obtain a gap similar 
to what is observed. The same argument would also ap- 
ply to anisotropic s-wave models (thus, phase coherence 
experiments would be necessary to determine the actual 
symmetry of the order parameter). In fact, we know of 
two such models which can give gaps of this foipa: the in- 
terlayer tunneling model of Chakrarvarty et alt3 and the, 
poorly screened electron-phonon model of Abrikosov.li-3 
Both of these models have the property that they are 
local in k space and thus long-range in real space. 

In conclusion, a reanalysis of our data using polariza- 
tion selection rules has led us to conclude that the actual 
gap in Bi2212 is suppressed over a ±10° range about the 
diagonal, although more experiments at better momen- 
tum resolution will be necessary to completely resolve 
this issue. Such a suppressed gap region could be ei- 
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ther due to dirt or to a pairing interaction long-range in 
space. Further experiments on samples with controlled 
defect densities could be used to differentiate between 
these two scenarios. 



FIG. 3. Fermi surface from a tight binding fit to the energy 
dispersions in the X and Y quadrants of the zone. The thick 
line is the main band, the thin lines the superlattice bands 
(marked +Q and -Q). The data points at which the gap was 
measured are shown as open circles. 
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FIG. 1. Gap in meV in the Y quadrant versus angle on the 
Fermi surface (filled circles) with fits to the data using (a) a 
d-wave gap and (b) a |d| — c gap (open circles). 



FIG. 2. Gap in meV in the X quadrant versus angle on the 
Fermi surface (filled circles) with fits to the data using (a) a 
d-wave gap and (b) a |d| — c gap (open circles for the main 
band, crosses for the superlattice (SL) band nearest the main 
band). 
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